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Texture segregation has long been attributed to changes in the distribution of elementary features across the visual ﬁeld [Nature
290 (12) (1981) 91; Biol. Cybernet. 54 (1986) 245]. The study of orientation, a conspicuous feature, has led to models of orientation-
based texture segmentation (OBTS) that depend on the magnitude of one or two orientation gradients [Vis. Res. 31 (4) (1991) 679;
Vis. Res. 31 (6) (1991) 1073] and inﬂuenced further by the relative conﬁguration between the orientation textons and the global
orientation edge [Percept. Psychophys. 52 (4) (1992) 255; Vis. Res. 35 (20) (1995) 2863]. Here we show that these models are at best
partial and that the notion of orientation gradient has been incompletely used in the study of OBTS. To do so, we ﬁrst study the
behavior of orientation in orientation-deﬁned texture patches. Geometrical analysis identiﬁes two texture curvatures and reveals the
incompleteness of previous stimuli. Psychophysical experimentation then demonstrates that segmentation is strongly aﬀected by
discontinuities in these curvatures. Importantly, we show that this sensitivity to curvature is independent of the orientation gradients
and inconsistent with the simple conﬁgural considerations proposed in the past.
 2003 Elsevier Ltd. All rights reserved.
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1.1. ODTs and OBTS
The visual perception of texture plays a fundamental
role in many aspects of vision from ﬁgure-ground seg-
regation to 3D shape and depth perception. The ability
to eﬀortlessly segregate texture stimuli into coherent
parts has long been attributed to the changes in the
spatial distribution of elementary features, sometimes
called textons (Julesz, 1981, 1986). Of these features, one
that has been studied extensively is orientation. While
orientation-deﬁned textures (ODTs) are frequent in
natural and artiﬁcial visual stimuli (Fig. 1), textures are
rarely characterized solely by orientation. Nevertheless,
understanding the eﬀect of orientation on texture seg-
mentation is essential due to its neurophysiological basis
(Hubel & Wiesel, 1977), its central role in perceptual
organization (Kanizsa, 1979), and its close relationship
to shape perception (Stevens, 1981; Todd & Reichel,
1990).* Corresponding author.
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doi:10.1016/j.visres.2003.08.018Orientation-deﬁned textures in visual stimuli result
from pattern formation processes that cover surfaces
(and sometimes volumes) in the real world: fur might
cover a bear; grass a ﬁeld, or stripes a zebra. The visual
appearance of these surfaces as ODTs is thus inﬂuenced
by two basic factors: the behavior of the pattern for-
mation processes and the interaction between surfaces
during the imaging process. If follows that discontinu-
ities in ODTs, and thus perceptual edges and OBTS
in general, can arise in two fundamental ways.
The ﬁrst cause of ODT discontinuities is occlusion of
one (textured) object by another; each textured surface
projects to an ODT region that meets the other along
the occlusion boundary. This rather common scenario
raises the question of how the ODT varies in the
neighborhood of the occlusion boundary. Computa-
tional studies show that there are two possible generic
events, and that they can be classiﬁed as folds and cuts
(Huggins & Zucker, 2001), as is illustrated in Fig. 2.
The pattern formation processes that cover surfaces
in the real world often enjoy smoothness properties.
However, they need not be smooth everywhere. This
observation leads us to the second cause of discontinu-
ities––those that result from singularities in the pattern
formation processes themselves. This issue is studied
Fig. 1. ODTs are frequent in natural stimuli, the visual arts, technical
drawings, and other visual artifacts. In all cases, ODTs are rarely
constant since this requires an accidental match between the surface
geometry, the texture formation process, and the observer’s view-
point. (A) Zebra’s stripes. (B) Sea shell. (C) Woodcut by D€urer
(cropped from Kruth, 1963, panel 175). (D) A technical drawing of
a Klein bottle (courtesy of Paul Bourke, Swinburne University of
Technology, Australia).
(A) (B)
Fig. 2. Cuts and folds as generic events near occlusion boundary (re-
produced from Huggins & Zucker, 2001). (A) A generic cut event
implies that the ODT intersects the occlusion boundary transversely.
(B) A generic fold event implies that the ODT approaches a tangent
conﬁguration with the occlusion boundary. Note that this happens
whether or not the texture on the surface has constant orientation.
1 This and all other symbols used in this paper are summarized
in Appendix A.
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morphogenesis (Corbit & Garbary, 1995; Murray, 1989;
Turing, 1952) and is well exempliﬁed by the singularities
in the striped patterns that cover, for example, both
zebras and many sea shells (Fig. 1). Importantly, it
suggests that interesting (singularity) events can occur
in ODTs that lead to a variety of conﬁgurations, none
of which can be classiﬁed as occlusion boundaries.
Regardless of the process that creates ODT discon-
tinuities, one universal property holds for all––natural
ODTs are seldom constant in the neighborhood of dis-continuities. In fact, every-day ODT stimuli are not
likely to have constant orientation even within coherent
regions; this requires an accidental match between the
surface geometry, the texture formation process, and the
observer’s view-point (Fig. 1). Furthermore, perspective
projection dictates that even completely parallel lines in
the world are likely to give rise to a non-constant retinal
ODT. Since ODTs are generically not constant, either
within coherent regions or in the neighborhood of ori-
entation edges, it is noteworthy that much of their
psychophysical investigation in the last two decades has
focused on stimuli of piecewise constant orientation
(Caputo, 1997; Caputo & Casco, 1999; Kwan & Regan,
1998; Landy & Bergen, 1991; Li, 1998; Motoyoshi &
Nishida, 2001; Nothdurft, 1985a; Regan, Hajdur, &
Hong, 1996; Wolfson & Landy, 1995, 1998). Part of our
goal in this paper is to bring this larger context to the
fore, both computationally and psychophysically.1.2. OBTS and orientation gradients
Although orientation and ODTs are geometrical ob-
jects, the study of OBTS has exploited very little of their
intrinsic geometry. Filter-based approaches (e.g., Landy
& Bergen, 1991; Malik & Perona, 1990) consider the
geometrical content only as a basis for computing scalar
energies from which segmentation is derived through
nonlinear transformation (typically, rectiﬁcation) and
detection of areas of high gradient. Feature-based
models (Mussap & Levi, 1999; Nothdurft, 1991, 1993)
suggest more generally that OBTS depends on the re-
lationship between two orientation gradients (Fig. 3),
namely––the change in orientation between coherent
regions (Dhbetween) and the change in orientation within
regions (Dhwithin). As expected, the former must be sig-
niﬁcantly larger than the latter for segmentation to
occur.
Although the notion of orientation gradient (some-
times called orientation contrast) is invoked by most
models for OBTS, the fact that gradients are vector
quantities is typically overlooked. In particular, al-
though orientation gradients, like any other gradient,
have both magnitude and direction, their directional
property is generally ignored. This may be justiﬁable in
the case of Dhbetween since it describes the change of
orientation across 1D perceptual edges. The same can-
not be said about Dhwithin, though, since it is supposed to
characterize the behavior of orientation in 2D regions.
Thus, whenever the vectorial nature of Dhwithin becomes
important, we use the mathematical gradient symbol rh
instead. 1 In other cases we use the symbol Dhwithin but
between
within
Fig. 3. Existing models (Landy & Bergen, 1991; Mussap & Levi, 1999;
Nothdurft, 1991) predict that OBTS depends on the relationship be-
tween two orientation gradients, one within and the other between
perceptually coherent regions. These models predict that segmentation
occurs reliably if and only if the ratio DhbetweenDhwithin is signiﬁcantly larger
than 1.
Fig. 5. Another demonstration that not only Dhbetween and Dhwithin
determine the perceptual outcome of OBTS. In this stimulus rh (and
thus, Dhwithin) is constant within the ﬁgure and within the ground, and
Dhbetween ¼ 18 is constant across the ﬁgure’s edges (a square). Never-
theless, the saliency of the top edge is signiﬁcantly higher than that of
the bottom edge, which is hardly detectable without scrutiny. Note
that since the orientation texels along one side of the bottom edge are
exactly perpendicular to it, the fact that it is less salient relative to the
top edge justiﬁes a closer reexamination of previous predictions
(Wolfson & Landy, 1995). In particular, it raises the possibility that
conﬁgural eﬀects are themselves modulated by ODT variations.
O. Ben-Shahar, S.W. Zucker / Vision Research 44 (2004) 257–277 259we also keep in mind that it is deﬁned as the magnitude
of rh, i.e., Dhwithin,krhk.
This sharper semantics calls for investigating the re-
lationship between rh (as a vector) and performance in
OBTS. Indeed, contrary to predictions from existing
models, changing only the direction of rh (without
changing its magnitude, Dhwithin), carries signiﬁcant(A) (B)
Fig. 4. Orientation gradients are not enough to predict OBTS. (A) Inspired b
segmented away from its ground, both of which have the same orientation gr
Dhwithin ¼ 11:25. Consistent with existing models, the large orientation disc
segmentation. (B) Still consistent with current models, the segmentation of th
rh ¼ ð18;18Þﬃﬃ
2
p , Dhwithin ¼ 18, and Dhbetween ¼ 36. However, this case also revea
lower left corner to the upper right one) and suggests that segmentation may b
The last hypothesis is further emphasized by rotating the direction of rh. N
but its magnitude is still Dhwithin ¼ 18 and Dhbetween is still 36. Nevertheless, t
saliency of the left and right boundaries has diminished almost completely de
to that across the top and bottom boundaries.perceptual consequences (Fig. 4). In fact, we found that
perceptual diﬀerences exist even for a ﬁxed combination
of rh and Dhbetween (Fig. 5). One must conclude that
other factors also play a role in OBTS.
1.3. Overview
The goal of this paper is to present a computational
and psychophysical study of OBTS in the larger (and
more realistic) context of spatially varying ODTs. To do
so, and to adequately capture the variability of ODTs,
we ﬁrst formally analyze ODTs from a geometrical
point of view. We identify two curvature measures
that suggest new intrinsic factors in OBTS and lead to(C)
y Nothdurft (1991), this stimulus has a clear orientation-deﬁned ﬁgure
adient rh within their interior. Here rh ¼ ð45;45Þﬃﬃﬃ
32
p and its magnitude is
ontinuity of Dhbetween ¼ 90 across the ﬁgure’s boundary induces easy
e same ﬁgure becomes more diﬃcult as the ratio DhbetweenDhwithin decreases. Here
ls that the saliency of the square’s boundary is not uniform (compare its
e inﬂuenced by more than the scalar values of Dhwithin and Dhbetween. (C)
ow, the orientation gradient vector points horizontally, rh ¼ ð18; 0Þ
he overall perceptual eﬀect is very diﬀerent. In particular, note how the
spite the fact that the orientation discontinuity across them is identical
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results of our experiment demonstrate how segmenta-
tion can be strongly aﬀected by discontinuities in these
curvatures independently of the two orientation gradi-
ents Dhwithin and Dhbetween.
The introduction of ODT curvatures greatly extends
the possibilities for modeling OBTS, by including sen-
sitivity to curvature discontinuities and its interaction
with other known factors. At the same time, it allows
keeping such models within the realm of intrinsic data
that can be measured locally. Indeed, the model that
emerges from our experiment predicts previously ob-
served conﬁgural eﬀects (Nothdurft, 1992; Olson &
Attneave, 1970; Wolfson & Landy, 1995) which, due to
their extrinsic nature, cannot be developed into com-
putationally predictive models. At the same time, our
results also suggest subtle inconsistencies with these
conﬁgural eﬀects. In the second part of this paper we
analyze all these considerations in detail, both theoret-
ically and experimentally. We conclude that OBTS
cannot be explained based on orientation gradients and
conﬁgural eﬀects only, but rather that both orientation,
curvatures, and ‘‘mixing’’ properties must be considered.2. The intrinsic geometry of ODTs
Observe ﬁrst that the internal representation of ODTs
in the visual system, and thus their abstract represen--10
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Fig. 6. Abstract representations of orientation-deﬁned textures. (A) This O
single coherent texture. This occurs even though the diﬀerent segments of the
cannot be that of individual curves, which suggests that internally, our visu
Abstractly, a dense representation for orientation implies a 2D orientation f
image (retinal) plane. Such functions can be visualized as surfaces whose h
entation edges are depicted as abrupt height change (compare height function
representation of orientation-deﬁned texture and its covariant derivatives. At
shift from the point~q along direction ~V, the frame rotates. This change is cap
in terms of the frame via the connection equation. Such a representation revea
orientation from an object-centered point of view.tation, is likely to be dense, or continuous, as opposed to
discrete (Fig. 6A). Formally, a 2D orientation function
hðx; yÞ, which described the ODT orientation at each
point, may be suﬃcient (Fig. 6B). However, this repre-
sentation does not provide enough insight into the
intrinsic geometry. As Marr has strongly advocated
(Marr, 1982), diﬀerent representations make explicit
diﬀerent properties and types of information. Indeed, an
abstraction that emphasizes the intrinsic geometry and
also provides an object-centered view is the frame-ﬁeld
representation (O’Neill, 1966).
Applying this framework from diﬀerential geometry,
we place a suitable coordinate frame fbET; bENg at each
point ~q ¼ ðx; yÞ of the texture and examine how this
frame changes as a small translation ~V is made from the
point ~q. A suitable frame in the case of ODTs is one
whose vectors are tangent (bET) and normal (bEN) to the
texture’s orientation (Fig. 6C). Note that bETð~qÞ is drawn
at the angle hð~qÞ––the local orientation at point ~q rela-
tive to a ﬁxed horizontal axis. The initial change (i.e.,
rotation) in the frame as it is translated from ~q along
direction ~V is expressed via the covariant derivatives (do
Carmo, 1976; Koenderink, 1990; O’Neill, 1966) of the
underlying pattern. These covariant derivatives, r~VbET
and r~VbEN, are naturally represented as vectors in the
basis fbET; bENg:
r~VbET
r~VbEN
 !
¼ 0 w12ð~VÞw12ð~VÞ 0
  bETbEN
 
: ð1ÞV
E T
V
E N
V
θ
q
E(q)ET
EN
=
(C)
DT is amodally completed behind the occluders and is perceived as a
texture contain diﬀerent numbers of texture lines. Thus, the completion
al system maintains a representation for orientation that is dense. (B)
unction which associates an orientation to each point ~q ¼ ðx; yÞ in the
eight represents orientation. In such a representation, perceptual ori-
at the top to its corresponding texture on the bottom). (C) A frame ﬁeld
each point~q a suitable frame fbET; bENg is placed on the texture. As we
tured by the covariant derivative of the pattern which can be expressed
ls two curvatures which characterize the local behavior of the texture’s
2 Although other methods to depict ODTs have also been used in
the past (Landy & Bergen, 1991), the use of discrete oriented texels
predominates the OBTS literature (Mussap & Levi, 1999; Nothdurft,
1991, 1992, 1993; Wolfson & Landy, 1995) and it allowed us a better
comparison to previous studies with everywhere changing ODTs
(Mussap & Levi, 1999; Nothdurft, 1992, 1993).
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ink, 1990; O’Neill, 1966)––involves the linear connection
form w12ð~VÞ which can be represented in terms of
fbET; bENg:
w12ð~VÞ ¼ w12ðabET þ bbENÞ ¼ aw12ðbETÞ þ bw12ðbENÞ:
The local behavior of ODTs is thus governed by two
scalars at each point. We deﬁne them as follows:
jT,w12ðbETÞ;
jN,w12ðbENÞ ð2Þ
and interpret them as tangential and normal curvatures,
respectively, since they represent the initial rate of
change of orientation in the tangential and normal di-
rections, respectively. These curvatures are not only in-
trinsic (i.e., independent of particular parametrization
and invariant under Euclidean transformations in the
retinal plane) to the ODT, they also make explicit
the spatially varying nature of ODTs and emphasize the
restricted nature of classical (constant) ODT stimuli.
The two curvatures jT and jN can be expressed
directly in terms of the orientation function hðx; yÞ and
its gradient rh
jT ¼ rh  ðcos h; sin hÞ;
jN ¼ rh  ð sin h; cos hÞ;
ð3Þ
which in turn shows that the previously used Dhwithin
can be expressed directly in terms of curvatures:
Dhwithin ¼ krhk ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
j2T þ j2N
q
: ð4Þ
Since the frame ﬁeld point of view results in two
curvatures at each point of the ODT, across the struc-
ture we obtain two scalar ﬁelds, i.e., two curvature
functions. Not unlike the Gaussian and mean curvatures
of surfaces, these two curvature functions are not com-
pletely independent. In particular, curvatures of valid
ODTs with orientation function hðx; yÞ must satisfy the
following covariation constraint:
rjT  bEN rjN  bET ¼ j2T þ j2N: ð5Þ
This integrability constraint suggests that unlike curva-
ture (j) and torsion (s) for curves, not every combina-
tion of ODT curvatures will integrate into a valid ODT.
One particular important consequence of this observa-
tion is that unless both these curvatures are identically
zero (as in a constant ODT), neither they, nor the ODT
orientation, can be simultaneously constant in any ODT
patch, however small (Ben-Shahar & Zucker, 2003).
Thus, in general, at least one of the ODT curvatures
must vary, or the two curvatures need to covary, in any
neighborhood of the ODT.
Eq. (3) is extremely important in the context of OBTS
because it implies that the same orientation gradient rhcan give rise to diﬀerent combinations of curvatures
(e.g., by changing h without changing rh), and thus can
give rise to diﬀerent combinations of curvature discon-
tinuities along perceptual orientation edges. The anal-
ogy to the perceptual evidence (Figs. 4 and 5) therefore
raises the possibility that OBTS may relate to texture
curvatures and their discontinuities, subject to the con-
straint in Eq. (5). Our main goal in this paper is to
explore this possibility from a psychophysical point
of view.3. Experiment 1––Sensitivity to curvature in OBTS
To explore the role of curvature discontinuities in
OBTS we conducted a two-alternative forced choice
texture segmentation experiment with stimuli designed
speciﬁcally to test segmentation performance as a
function of rh, Dhbetween, and the discontinuities (or
contrast) in the texture curvatures, DjT and DjN. This
section describes this experiment and its results.3.1. Stimuli overview
All stimuli consisted of ODTs which were portrayed
as arrays of 21 · 21 bright oriented segments on black
background. 2 Viewed by subjects from an approximate
distance of 1 m, all stimuli spanned 10 of visual angle.
Each ODT contained two lines of orientation disconti-
nuity––one diagonal and one horizontal––which
together deﬁned a perceptual ‘‘ﬁgure’’; either a left-
pointing or a right-pointing triangle (Fig. 7). The ori-
ented segments were initially positioned along a regular
grid of 10 · 10 degrees and then randomly jittered up
to 50 in each direction to avoid grid artifacts.
Similar to previous experiments (Landy & Bergen,
1991; Mussap & Levi, 1999; Nothdurft, 1985a, 1985b;
Nothdurft, 1991; Wolfson & Landy, 1995), we designed
the ﬁgure and ground to have a ﬁxed orientation con-
trast (i.e., Dhbetween is constant along the ﬁgure’s
boundaries in any given trial). Following past studies
with textures of varying orientations (Mussap & Levi,
1999; Nothdurft, 1991, 1992), we also set the orientation
gradient within the ﬁgure and the ground to be constant
(i.e., rhfigure ¼ rhground ¼ rh ¼ constant in any given
trial).
Unlike previous experiments, however, we also de-
signed our stimuli to have constant curvature disconti-
nuities. In other words, both DjT and DjN––the jump in
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Fig. 7. Basic stimulus design. The subject’s task was to identify one of two possible orientation-deﬁned ﬁgures, either a left-pointing (left) or a right-
pointing (right) triangle. The same diagonal discontinuity appeared in all stimuli and thus played no role in the subject’s decision. Along the other
edge (either at top or bottom), all of Dhbetween, DjT, and DjN were constant (within a trial). rh, the orientation gradient, was also constant (within
each trial) and identical for both the ﬁgure and the ground. Two examples are shown, both as ODTs and 3D surfaces (a la Fig. 6B). Both stimuli have
rh ¼ ð0; 5Þ and Dhbetween ¼ 75. To optimize printing, stimuli are shown in reversed contrast. Those used in the experiment had bright segments on
dark background.
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constant (within a trial) between the ﬁgure and the
ground along their deﬁning horizontal edge (Fig. 7).
Fortunately, the iso-curvature curves of ODTs with
constant rh are straight lines, thus designing stimuli
with constant curvature discontinuities is computation-
ally feasible (see Section 3.2). To avoid compromising
the explored psychophysical measures, and to allow for
meaningful conclusions on conﬁgural eﬀects (see Sec-
tions 4 and 5), all stimuli were designed to have an
orientation gradient rh of a carefully selected (vertical)
direction, which resulted in a one-to-one mapping be-
tween rh and the previously used Dhwithin. Therefore,
in the following we use them interchangeably.
For each combination of rh and Dhbetween, three dif-
ferent combinations of DjT and DjN were tested. Note
that once rh, Dhbetween, and one Dj is set, the other Dj is
fully determined from Eq. (3), as is dictated by Eq. (5)
(see Section 3.2). The chosen combinations of DjT and
DjN covered three fundamental behaviors for the cur-
vatures. One was deﬁned by DjT ¼ 0, the second by
DjN ¼ 0, and the third by DjT ¼ DjN. In other words,
the ﬁrst class of orientation discontinuities had no dis-
continuity in tangential curvature, the second lacked
discontinuities in normal curvatures, and the last was
characterized by (the same) discontinuity in both cur-
vatures (Fig. 8). Note again that such triples of stimuli
were created for each combination of rh and Dhbetween,
thus allowing us to investigate the eﬀect of curvature
discontinuities independently of the orientation gradi-
ents.3.2. Stimuli details
Once the jittered position of the texels was set, their
orientation was calculated from the underlying orien-
tation function of the region they belonged to
hgroundðx; yÞ ¼ h0 þ Dhwithin  y;
hfigureðx; yÞ ¼ h0 þ Dhwithin  y þ Dhbetween:
ð6Þ
Each stimulus had a ﬁxed combination of Dhwithin and
Dhbetween chosen from the following sets:
Dhwithin 2 f5; 10; 15; 20; 25; 30g;
Dhbetween 2 f5; 10; 15; . . . ; 85; 90g:
The free parameter h0 was set such that the corre-
sponding curvature functions jT and jN achieved pre-
deﬁned discontinuities along a given horizontal line
positioned at y ¼ D, where D corresponds to 2.5 (Fig.
7). Since the two curvatures are coupled through Eqs.
(3) and (5), only one discontinuity is needed (say DjT) to
fully determine the other and thus fully determine h0.
With the center of the stimulus as the origin, the solu-
tion to h0 takes the following form:
h0 ¼  1
2
Dhbetween
"
þ 2 sec1 2Dhwithin sin
Dhbetween
2
DjT
 !
þ 2DDhwithin
#
: ð7Þ
Since we seek only real solutions, the trigonometric
component of the last expression deﬁnes limits on the
possible curvature discontinuities:
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Fig. 8. Illustration of the three cases of curvature discontinuities examined in our experiment. For each combination of rh and Dhbetween, three cases
of curvature discontinuities were formed. Here we show the three cases for a left pointing triangle with Dhwithin ¼ 20 and Dhbetween ¼ 90. The 3D
graphs show jT and jN as height functions over the image domain. The red arrows mark the discontinuities in curvatures, which are depicted, when
present, as an abrupt change in height. Note how no discontinuity in one curvature (e.g., DjT ¼ 0) implies a large (in fact, the largest possible)
discontinuity in the other curvature. Since the diagonal discontinuity remains ﬁxed across the diﬀerent triangles, the variation in DjT and DjN along
it is irrelevant to the subject’s decision.
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2
 
: ð8Þ
This limit thus deﬁnes the three possible combinations
for the curvature discontinuities which we used in the
experiment
DjT ¼ 0) DjN ¼ Djmax;
DjT ¼ DjN ) DjT ¼ DjN ¼ Djmaxﬃﬃﬃ
2
p ;
DjN ¼ 0) DjT ¼ Djmax:
ð9Þ
With h0 set and plugged into Eq. (6), segments were
plotted as antialiased lines centered at their jittered po-
sitions and having length of 250. All stimuli were pre-
computed and stored before the beginning of the
experiment and later displayed on a high-resolution ﬂatcolor monitor (Dell UltraScan P991) using a 1 GHz
Pentium-III PC.3.3. Subjects and procedure
Six subjects (ﬁve naive, one author) participated in
this experiment. All subjects had normal or corrected-
to-normal vision and each ran six sessions of 1080 trials
(total of 6480 trials). Sessions were run on successive
days and each consisted of 10 blocks of 108 trials (sep-
arated by short breaks). Each session lasted for an hour
and included one or two practice blocks of 72 trials.
Each trial started with a 600 ms presentation of a
mask (ODT of randomly oriented segments), followed
by 200 ms of brief stimulus presentation and another
500 ms of post-stimulus mask. (Stimulus presentation
264 O. Ben-Shahar, S.W. Zucker / Vision Research 44 (2004) 257–277was set to 200 ms to approximately average presentation
time from previous related studies; 160 ms in Nothdurft
(1992) and 250 ms in Wolfson and Landy (1995).)
A post-marker prompted the subject to choose either a
left- or right-pointing triangle. Each stimulus (i.e., a
particular combination of Dhwithin, Dhbetween, and DjT
and DjN) was presented 20 times, 10 for each of the two
possible ﬁgures, and their order was randomized and set
before the experiment. To prevent observer strategies
involving scrutinizing parts of the display, stimuli were
randomly jittered up to 1.5 in each direction. During
debrieﬁng, all subjects reported using no special strategy
other than global judgment in making their decisions.3.4. Results
If current models of OBTS of non-constant ODTs
were valid (Mussap & Levi, 1999; Nothdurft, 1991),
varying the behavior of curvature across the ﬁgure/
ground boundary while holding rh and Dhbetween ﬁxed
should lead to no diﬀerences in segmentation perfor-
mance. While Nothdurft (1992) demonstrated conﬁgural
variations that aﬀect segmentation performance in the
presence of ﬁxed Dhwithin and Dhbetween, (see below) here
we show that similar conclusions can be drawn based on
curvature discontinuities (i.e., based on intrinsic pa-
rameters only).
We ﬁrst analyzed our data while pooling over the
curvature dimension to control for, and replicate, ex-
isting ﬁndings. The results (Fig. 9) agree qualitatively
with previously reported performance (Mussap & Levi,10 20 30 40 50 60 70 80 90
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Fig. 9. Average accuracy of OBTS plotted against ﬁgure/ground ori-
entation contrast (Dhbetween). Diﬀerent colors represent the accuracy for
diﬀerent values of Dhwithin. Note how performance decreases with lar-
ger Dhwithin and smaller Dhbetween. Here, as well as in subsequent ﬁgures,
graphs are third order polynomials ﬁtted to the data.1999; Nothdurft, 1991) and indicate that on average,
segmentation accuracy decreases with larger Dhwithin and
smaller Dhbetween. Reliable segmentation occurs only
when the ratio DhbetweenDhwithin is suﬃciently larger than 1. The
detection thresholds (75% detection accuracy) that we
obtained

Dhbetween
Dhwithin
 7 were higher than those reported
in the past due to the diﬀerent stimuli, procedure, and
other experimental parameters that we used.
Taking curvature into account, however, reveals a
diﬀerent and intriguing pattern because the diﬀerent
curvature-based classes of orientation discontinuities
produce signiﬁcant and consistent diﬀerences in segmen-
tation performance (Fig. 10). Three qualitative obser-
vations follow from such a curvature-based analysis.
First, for small rh (Dhwithin6 10), segmentation of
discontinuities with DjT ¼ 0 (red graphs) was substan-
tially inferior. In fact, subjects were able to reliably de-
tect this class of discontinuities only for Dhwithin6 5 and
DhbetweenP 75. Dhwithin greater than 5 prevented any
segmentation of this class of discontinuities, regardless
of Dhbetween. Secondly, for intermediate rh values
(156Dhwithin6 20), the only detectable class of orien-
tation discontinuities was the one which was discontin-
uous in both curvatures (green graphs). This superior
performance was found to be statistically signiﬁcant
both on average (Fig. 11) and individually for each
Dhbetween beyond the detection threshold (not shown for
space considerations). Finally, the largest rh values
(DhwithinP 25) collapse all cases to chance level, indi-
cating that OBTS is uniformly impossible for this class
of patterns.
It is particularly instructive to examine the diﬀerences
in segmentation performance between discontinuity
classes in light of the average performance for each
Dhwithin (Fig. 9). For example, the blue graph in Fig. 9
that corresponds to average performance with Dhwithin ¼
15 shows no crossing of the 75% detection threshold.
However, splitting this average into its components (Fig.
10, left panel on second row) reveals that this low av-
erage is dominated by the two discontinuity classes of
DjT ¼ 0 and DjN ¼ 0, both of which are hardly raised
above chance level. But to conclude that no reliable
segmentation is possible at Dhwithin ¼ 15 is clearly in-
correct as the DjT ¼ DjN graph in this category shows
excellent segmentation performance for DhbetweenP 50.
Since the DjT ¼ DjN class of discontinuities was typi-
cally the most salient for the smaller values of rh too,
we conclude that, in general, orientation discontinuities
of equal orientation contrast are not all perceptually
equivalent and that those with DjT ¼ DjN, where the
discontinuities in jT and jN are maximized simulta-
neously, are the most salient ones.
Finally, it was observed that our displays occasion-
ally incorporated certain horizontal conﬁgurations
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Fig. 10. Orientation-based segmentation accuracy plotted against ﬁgure/ground orientation contrast (Dhbetween). Segmentation performance as a
function of both Dhbetween and curvature discontinuities. Each panel corresponds to a diﬀerent value of Dhwithin. Red graphs correspond to DjT ¼ 0
discontinuities. Blue graphs correspond to DjN ¼ 0 discontinuities. Green graphs correspond to discontinuities with DjT ¼ DjN. Dashed black
graphs are the average for each case (replicated from Fig. 9). Note how the diﬀerent curvature classes produce markedly diﬀerent graphs. In par-
ticular, for small gradients (Dhwithin6 10), DjT ¼ 0 discontinuities (graphs marked with red arrows) are much less salient while for intermediate
gradients (156Dhwithin6 20) only discontinuities of DjT ¼ DjN cross the detection threshold (graphs marked with green arrows). At higher gra-
dients, all classes collapse to chance level.
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Fig. 11. When the DjT ¼ DjN class of discontinuities is superior to the others (156Dhwithin6 20), the diﬀerences in detection accuracies are
statistically signiﬁcant. Since an unbiased indicator for superiority in performance is signaled by the 75% accuracy threshold, we checked the sta-
tistical diﬀerences between the cases by identifying this threshold for the graphs that crossed them (marked by the black vertical lines) and collecting
all data points beyond it. The two bar plots show the averages of these data sets for both Dhwithin ¼ 15 and 20. Error bars represent 1 standard
error. In both cases, the diﬀerence between the DjT ¼ DjN mean (green) and the other two is highly signiﬁcant (p < 0:001).
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as a segmentation cue and possibly bias observers’ re-
sponse. We thus exhaustively examined our set of (648)
diﬀerent stimuli to evaluate the extent, and possible
eﬀect, of these structures on overall subject’s perfor-
mance. We have found that in general subjects’ response
was independent (i.e., both ‘‘correlated’’ and ‘‘anti-
correlated’’) of the existence of these structures; that
signiﬁcant diﬀerences in segmentation performance be-
tween the three curvature-based cases were evident even
when no ‘‘kink’’ features were present in the stimuli; and
that signiﬁcant diﬀerences in segmentation performance
were evident even when ‘‘kink’’ features were equally
frequent in all of the cases. Only when Dhwithin was 10
and Dhbetween smaller than 50, could such ‘‘kinks’’ in the
DjT ¼ 0 stimuli possibly have biased subjects response
consistently to less-than-chance level performance (see
top right panel of Fig. 10). Although the exact nature of
this particular phenomenon is still unclear, it is possibly
related to the ‘‘edge hallucination’’ phenomenon re-
ported by Nothdurft (1992).
3.5. Discussion––ODT curvatures and conﬁgural eﬀects
The results of Experiment 1 show that OBTS clearly
is aﬀected by more than just the orientation gradientsDhwithin and Dhbetween, and suggest that curvature dis-
continuities can play a major role in segmentation per-
formance. Factors other than Dhwithin and Dhbetween that
aﬀect OBTS were previously observed psychologically
(Olson & Attneave, 1970), but have been barely ex-
plored systematically. The main related observation was
made by Wolfson and Landy who found that OBTS is
improved if the ‘‘orientation of texels [is] parallel, and to
some extent perpendicular, to the [orientation deﬁned]
texture edge’’ (Wolfson & Landy, 1998, p. 2876).
This observation is signiﬁcant because the conﬁgural
factor it refers to relates directly to the generic cut and
fold organizations we described earlier (Section 1.1; Fig.
2). Equally important is what is missing from this ob-
servation, namely, rh and Dhbetween. In other words, it
suggests that the conﬁguration around the orientation
edge aﬀects its saliency, but that this eﬀect is indepen-
dent of the orientation gradients.
While the lack of dependency on orientation gradi-
ents may be a direct outcome of the constrained piece-
wise-constant ODTs that Wolfson and Landy (1995)
experimented with, their observation that ‘‘OBTS is
improved if the orientation of texels [is] parallel, and to
some extent perpendicular, to the texture edge’’ already
makes predictions about intermediate conﬁgurations
rather diﬃcult. In Fig. 5, for example, the top (salient)
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from 27 to 45, while the bottom (hardly seen) edge is
deﬁned by an orientation jump from 90 to 108. Thus,
the top edge is much further from a ‘‘parallel conﬁgu-
ration’’ than the bottom one is from a ‘‘perpendicular
conﬁguration’’. Why, then, is the top edge signiﬁcantly
more salient than the bottom one? Could the spatially
varying nature of this ODT contribute to the perceptual
outcome?
To the best of our knowledge, the only systematic
study of conﬁgural eﬀects in spatially varying ODTs was
carried out by Nothdurft (1992). Employing methods
from his earlier studies (Nothdurft, 1985a, 1991),
Nothdurft systematically examined OBTS performance
as a function of the average conﬁguration of the ﬁgure’s
texels relative to the ﬁgure/ground boundary. Predating
Wolfson and Landy (1995), he too observed a ‘‘sys-
tematic dependence of correct bar detection on the
alignment of border and element orientations’’, albeit
with no contribution from perpendicular conﬁgurations.
Unfortunately, Nothdurft (1992) examined only ODTs
of one particular Dhwithin, leaving open the question
about the interaction of this parameter with conﬁgural
eﬀects in OBTS. Furthermore, his choice of the direction
of rh relative to the orientation edges in the stimuli
introduced deviations of up to 30 from the desired
conﬁguration (texels either parallel or perpendicular to
the edge), thus incorporating a signiﬁcant amount of
uncertainty into the results. (Deviations up to 13.3
from the studied conﬁguration were also present in
Wolfson and Landy (1995).)
Another important aspect of the similar observations
made by Nothdurft (1992) and Wolfson and Landy
(1995) is that both are based on, and phrased in terms
of, the orientation edge itself. Wolfson and Landy
(1995) go a step further by proposing a computational
‘‘energy model that can account (for the detection of the
edge and its saliency) by giving extra weight to the ori-
ented channel which is oriented similarly to the edge’’.
Unfortunately, such an explanation introduces a chick-
en-and-egg problem; the outcome (i.e., the orientation
edge) must be given as an input to the computational
process from which it is supposed to emerge (and after
all, the goal of OBTS is to ﬁnd these edges). WolfsonFig. 12. With Dhbetween set to 90, the condition DjT ¼ DjN consistency pr
Shown here (left to right) are the left-triangle stimuli for Dhwithin 2 f5; 10; 1and Landy recognized this as well, and commented that
a model that takes into account the orientation of the
texture edge (or any other aspect of it) is ‘‘not particu-
larly compelling’’ (Wolfson & Landy, 1995, p. 2872).
Indeed, an appropriate model should rely on intrinsic
data only and should predict conﬁgural modulations
as a side eﬀect.
The above discussion raises a question about our
stimuli: have all of the interacting factors in deﬁning our
ODTs––the positions, orientations, and curvatures––
somehow conspired to work together in an unanticipated
way, for example by producing edge conﬁgurations for
which conﬁgural eﬀects were already observed. Two
principle outcomes are possible. First, we might ﬁnd
that our curvature-based ﬁndings are indeed simply a
rephrasing of the previously observed conﬁgural eﬀects.
Such an outcome is not undesired; it will imply that all
existing ﬁndings can be explained based on intrinsic
measurements only, thus avoiding the chicken-and-egg
problem.
Alternatively, we might ﬁnd that our curvature-based
ﬁndings are incompatible with the previously reported
conﬁgural eﬀects. Such an outcome will have signiﬁcant
consequences of a diﬀerent ﬂavor: it will suggest that
previously observed conﬁgural eﬀects are not universally
true and that they interact with orientation gradients
and ODT curvatures.
While Fig. 5 implies that conﬁgural factors may be
modulated by ODT variations, Fig. 8 suggests that at
least in some cases, the salient DjT ¼ DjN condition
produces a parallel/perpendicular conﬁguration at the
orientation edge. Fig. 12 further implies that this
correspondence is independent of Dhwithin and thus not
accidental, at least when Dhbetween ¼ 90. All this
conﬂicting evidence suggests that a thorough exami-
nation of the relationship between conﬁgural eﬀects
and our curvature-based ﬁndings is required. The rest
of this paper is devoted to this issue, which we ad-
dress both computationally and psychophysically. The
conclusion that emerges is that previously observed
conﬁgural eﬀects are, in fact, incompatible with the
results based on curvature, and that they are modu-
lated by ODT variations in the proximity of orienta-
tion edges.oduces a parallel/perpendicular conﬁguration at the orientation edge.
5; 20g.
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To simplify forthcoming wording, let the conﬁguration
hypothesis be the observation that performance improves
when texels are oriented parallel (and ‘‘to some extent
perpendicular’’) to the perceived texture edge (Noth-
durft, 1992; Wolfson & Landy, 1995). We now formalize
it into a quantitative saliency measure to examine whe-
ther it is compatible with the results of Experiment 1. To
do so, we assume that the orientation of the texture edge
is available as a parameter, although to do so tempo-
rarily ignores the chicken-and-egg problem we men-
tioned above (Section 3.5). Nevertheless, the analysis is
useful in several respects: (i) it provides explicit inter-
pretation of our curvature-based ﬁndings in terms of
previous conﬁgural observations, thus facilitating the
comparison between them, (ii) it allows us to evaluate the
conﬁguration hypothesis for a continuum of conﬁgura-
tions and orientation gradients, and (iii) it provides one
line of investigation that leads to design of the psycho-
physical control experiment (see Section 5).0.5
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measures the shortest distance on the unit circle (modulo 90). Shown here
saliency function (1 is most salient) based on the conﬁguration hypothesis
function for all possible horizontal orientation edges (Eq. (12)). It vanishes
Dhbetween ¼ 90. (D) Few cross sections of Sðhdown;DhbetweenÞ. The three cross
section on the right corresponds to a ﬁxed hdown ¼ 135 and varying hup (i.e.
measurements in the literature (note that zero saliency level corresponds to4.1. Formal saliency based on parallel conﬁguration
Let ht denote the orientation of texels near orienta-
tion edges and let he be the orientation of the edge itself.
Denote by stðht; heÞ the conﬁgural saliency induced by
texels near the orientation edge. Since there is no
agreement in the literature about the contribution of
perpendicular conﬁgurations, in the following we as-
sume that OBTS performance improves only when the
orientation of texels is parallel to the orientation edge, a
conﬁguration which we call ‘‘parallel’’. Allowing grace-
ful degradation of this improvement with changes in ht,
we deﬁne a normalized stðht; heÞ as
stðht; heÞ,1 1
90
 D90ðht; heÞ; ð10Þ
where D90ða; bÞ is the angular distance between the two
given orientations, i.e., a number in the range ½0; 90
(Fig. 13A). In the rest of this paper we assume that
he ¼ 0 (in accordance with the orientation edges in our
stimuli), and simplify st to5
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. Again, here we show saliency of horizontal edges. (C) The saliency
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Fig. 14. The conﬁguration-modulated saliency of orientation edges as
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as illustrated in Fig. 13B.
By deﬁnition, any orientation edge is created by a
one-dimensional discontinuity in the 2D orientation
ﬁeld (or function). Since our edges are horizontal, we
label the orientation of the ﬁeld along the two sides of
the discontinuity by hdown and hup. Consequently, the
conﬁgural saliency of the edge is some combination of
the conﬁgural saliency of the texels on the two sides of
the discontinuity. An intuitive and straight forward
combination is the L1 norm (i.e., the maximum) of the
saliencies of the two sides. Incorporating also the con-
tribution of the orientation gradient Dhbetween across the
edge, we therefore model the edge’s perceptual saliency
Sðhdown; hupÞ in terms of hdown and Dhbetween as follows
(note that hup ¼ hdown þ Dhbetween):
Sðhdown;DhbetweenÞ, Dhbetween
90
max stðhdownÞ; stðhdown½ þ DhbetweenÞ: ð12Þ
This function, whose parameters are (1) the texels ori-
entation on one side of the edge, and (2) the orientation
gradient across the edge, is illustrated in Fig. 13C. To
examine if it is a good predictor we computed diﬀerent
cross-sections that correspond to previous ﬁndings in
the literature (Fig. 13D). In particular, compare the
cross section for Dhbetween ¼ 90 with Fig. 12C in Wolf-
son and Landy (1995), or the one for hdown ¼ 135 to
their Fig. 12D (or Fig. 12H, I after appropriate rotation
of the X -axis).
Equipped with a quantitative model that formalizes
the conﬁguration hypothesis, we now apply it to the
curvature-based stimuli used in Experiment 1, make
saliency predictions with regard to them, and compare
these predictions to the psychophysical results. As we
show, this comparison reveals important deﬁciencies
in the conﬁguration hypothesis.
To apply the saliency model to the three cases of
curvature discontinuities, we ﬁrst ﬁnd the behavior of
the orientation ﬁeld around the discontinuities that they
induce. In other words, for each curvature discontinuity
and Dhbetween, we ﬁnd its corresponding hdown by evalu-
ating the orientation functions in Eq. (6) at the discon-
tinuity position, with h0 solved through Eq. (7) for the
three cases of curvature discontinuity (Eq. (9)). This
computation yields the following values, which turn out
to be independent of Dhwithin:
hdownðDjT ¼ 0Þ ¼ Dhbetween
2
 90;
hdownðDjT ¼ DjNÞ ¼ Dhbetween
2
 45;
hdownðDjN ¼ 0Þ ¼ Dhbetween
2
:
ð13ÞPlugged into the saliency function Sðhdown;DhbetweenÞ, this
evaluates the conﬁgural saliency of the edges in our
stimuli, as predicted from the conﬁguration hypothesis. In
the same spirit, we also evaluate the predicted saliency
of parallel conﬁgurations. The four resultant saliency
graphs are plotted to scale in Fig. 14.
Fig. 14 is the main result of this section as it sum-
marizes the relationship between curvature-based edges
and their expected conﬁgural saliency based on the
conﬁguration hypothesis. A few observations are im-
mediate, and most clearly is the one that, for any given
Dhbetween, parallel conﬁgurations (black graph) are always
more salient than any of the curvature-deﬁned edges.
This conﬁrms that the saliency measure captures what
the conﬁguration hypothesis was designed to express.
Based on Fig. 14, one can make certain predictions
with regard to the relative saliency of the three curva-
ture-based orientation edges used in Experiment 1. In
particular, we observe the following:
P1: DjT ¼ 0 discontinuities are the least salient for all
Dhbetween < 90,
P2: DjT ¼ 0 and DjN ¼ 0 discontinuities are equally sa-
lient for Dhbetween ¼ 90,
P3: DjT ¼ DjN discontinuities are the most salient for
all Dhbetween > 45,
P4: DjN ¼ 0 discontinuities are the most salient for all
Dhbetween < 45,
P5: DjN ¼ 0 and DjT ¼ DjN discontinuities are equally
salient for Dhbetween ¼ 45.
As can be observed in Fig. 10, predictions P1 and P3
are largely conﬁrmed by Experiment 1. The rest, how-
ever, are either wrong or depend critically on Dhwithin,
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the conﬁguration hypothesis and its derived saliency
measure. In particular
• P2 appears to be correct for DhwithinP 15 only, but
not for smaller ones. For example, the relative perfor-
mance at Dhwithin ¼ 10 and Dhbetween ¼ 90 shows
clearly that the DjN ¼ 0 (blue) discontinuity is signif-
icantly more salient than the DjT ¼ 0 one.
• P4 appears to be partially correct for smaller Dhwithin
but not for larger ones. For example, it is clearly
wrong for Dhwithin ¼ 20.
• P5 is wrong for Dhwithin > 10.
The observations above strongly suggest that there is
a signiﬁcant gap between the conﬁguration hypothesis
and performance in OBTS. It may be argued that all it
takes to ﬁx the wrong predictions, and the conﬁguration
hypothesis itself, is the incorporation of Dhwithin into Eq.
(12) in a way implied by signal detection theories and
recent related ﬁndings in the OBTS literature (Mussap &
Levi, 1999; Nothdurft, 1991). However, doing so will
reduce the saliency of all orientation edges by a factor
proportional to Dhwithin and thus will do no more than to
equally shift down (and rectify at zero) all the graphs in
Fig. 14. Since such a transformation does not change the
relative order of the graphs, the relative saliencies and
the wrong predictions that follow from them will still
hold. We conclude that even an expansion of the model
to address basic signal detection concerns is insuﬃcient
to explain the results of Experiment 1.
4.2. Formal saliency based on other conﬁguration hypo-
theses
The discussion in Section 4.1 revolves around the
hypothesis that performance in OBTS improves when
the texels’ orientation is parallel to the perceived texture
edge (Nothdurft, 1992; Wolfson & Landy, 1995).
However, it is possible that the conﬁgural content of this
hypothesis is incomplete. In fact, Wolfson and Landy
themselves relaxed the conclusion, saying that ‘‘perfor-
mance (in OBTS) improves when the texels’ orientation
is parallel, and to some extent perpendicular, to the per-
ceived texture edge’’ (Wolfson & Landy, 1995, p. 2876,
emphasis added). To examine this and other variations,
we repeated the analysis of Section 4.1 for a variety of
other saliency models, including models that assign
some saliency weight to perpendicular conﬁgurations,
and models that modulate saliency non-linearly as the
conﬁguration shifts from the optimal ones. All these
models either failed to predict the previous ﬁndings of
Wolfson and Landy (1995) even at the most basic levels
(e.g., they failed to reproduce the correct cross sections
similar to those in Fig. 13D), or they resulted in saliency
predictions similar to those produced from the originalmodel of Section 4.1. Examples of the predictions from
a model that assigns some saliency to perpendicular
conﬁgurations are illustrated in Fig. 15.
4.3. Discussion
The formalization of the conﬁguration hypothesis
into a saliency measure provides a basis to relate it to the
curvature-based ﬁndings of Experiment 1 and leads to
the conclusion that there exists a gap between the simple
conﬁgural eﬀect that this hypothesis articulates and ac-
tual performance in OBTS. Naturally, this raises the
possibility that the conﬁguration hypothesis is not ex-
planatory even for those conﬁgurations it designates as
optimal. Thus, we now wish to scrutinize the relation-
ship, and diﬀerences in saliency, between parallel con-
ﬁgurations and the curvature-based edges of DjT ¼ DjN
that emerged as optimal in the conditions tested by
Experiment 1. Although some data relevant to these
questions may be hidden implicitly in the interaction
between the saliency graphs (Fig. 14) and the curvature-
based ﬁndings (Fig. 10), we next address these issues
directly in Experiment 2.
To compare psychophysically two classes of stimuli
whose diﬀerences are likely to be subtle, one ﬁrst needs
to identify those cases that maximize the diﬀerences
between them. Fig. 14 suggests that the saliency of
DjT ¼ DjN discontinuities (green graph) is somewhat
less than that of parallel conﬁgurations (black graph). It
shows that the diﬀerences collapse at very small and very
large Dhbetween, and that they are maximized at
Dhbetween ¼ 45. Fig. 14 thus implies that the best can-
didates for revealing diﬀerences between the two classes
of stimuli are those with Dhbetween ¼ 45. This conclu-
sion, however, is based on the saliency measure we de-
veloped thus far, while in Experiment 2 we seek a far less
constrained argument, i.e., one that is completely inde-
pendent of any particular modeling step. As it turns out,
even without any modeling of saliency, stimuli of
Dhbetween ¼ 45 are indeed the best candidates to probe
OBTS for diﬀerences between the conﬁguration hy-
pothesis and curvature-based edges.5. Experiment 2––The conﬁguration hypothesis vs. cur-
vature-based edges
The goal of Experiment 2 is to examine the diﬀerences
in saliency between parallel conﬁgurations and orienta-
tion edges with DjT ¼ DjN, while all other factors
(Dhwithin and Dhbetween) are held constant. We ﬁrst ob-
serve that it makes no sense to look for possible diﬀer-
ences for all values of Dhbetween. As Fig. 12 and Eq. (13)
show, the two cases collapse when Dhbetween ¼ 90 (i.e.,
edges of maximal orientation gradient and strict paral-
lel/perpendicular conﬁguration also have DjT ¼ DjN)
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Fig. 15. The conﬁguration-modulated saliency of orientation edges based on a saliency model that assigns some saliency to perpendicular conﬁg-
urations as well. (A) The saliency function of the variant model (compare to Fig. 13B). (B) The corresponding saliency function for all possible
horizontal orientation edges (compare to Fig. 13C). (C) The conﬁguration-modulated saliency of orientation edges as a function of their orientation
gradient Dhbetween. Diﬀerent cases are color-coded similar to Fig. 14. Note that despite some perturbation in the graphs themselves, their mutual
relationship and relative ordering is preserved. Thus, this saliency model, which ‘‘improves performance when texels are parallel, and to some extent
perpendicular, to the perceived texture edge’’ (Wolfson & Landy, 1995), produces qualitatively similar predictions to those discussed in Section 4.1.
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shows, however, that in general, these two classes of
edges will be diﬀerent. To maximize the chance of de-
tecting perceptual diﬀerences, we need to ﬁnd the
Dhbetween for which the diﬀerences between the two
classes are also maximized. In other words, we need to
ﬁnd Dhbetween for which parallel conﬁgurations have
curvature discontinuities which diﬀer the most from the
DjT ¼ DjN condition. For this reason we need to eval-
uate the curvature discontinuities induced by parallel
conﬁgurations of all possible Dhbetween.
Given Dhbetween, we ﬁrst solve Eq. (6) for h0 that gives
rise to a parallel conﬁguration at an arbitrary edge po-
sition y ¼ D (recall that all our orientation edges are
horizontal). Since parallel conﬁgurations can be char-
acterized by parallel texels on either side, a proper
analysis should consider both the case where hgroundðx;
DÞ ¼ k  180 and the one where hfigureðx;DÞ ¼ k  180,
for k 2 f0; 1; 2; . . .g. As it turns out, the two cases yield
the same conclusion, which is also independent of k.
Thus, in the following we describe the results for parallel
conﬁgurations of hgroundðx;DÞ ¼ 0, which implies that
h0 ¼ DDhwithin (see Eq. (6)).With h0 determined, so are hground and hfigure (Eq. (6)).
Now we compute their corresponding curvature func-
tions jTðx; yÞ and jNðx; yÞ from Eq. (3), subtract, and
evaluate at the edge position to yield both DjT and DjN:
hgroundðx;DÞ ¼ 0
) DjTðx;DÞ ¼ Dhwithin  sinðDhbetweenÞ
DjNðx;DÞ ¼ Dhwithin  ½cosðDhbetweenÞ  1:

ð14Þ
These functions are plotted against Dhwithin and Dhbetween
in Fig. 16A, B.
Recall that we are looking for the conditions under
which parallel conﬁgurations diﬀer the most from the
DjT ¼ DjN condition. This can be solved analytically by
maximizing the magnitude of the diﬀerence between
DjTðx;DÞ and DjNðx;DÞ in Eq. (14). The solution turns
out to be Dhbetween ¼ 45, regardless of Dhwithin. The same
solution is illustrated graphically in Fig. 16C and D.
We conclude that if the parallel and curvature-based
conﬁgurations exhibit diﬀerences in saliency, they will be
most prominent in orientation edges of Dhbetween ¼ 45.
Fig. 16 also shows that these diﬀerences are rather subtle
and that they grow linearly with Dhwithin.
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Fig. 16. Curvature discontinuities of parallel conﬁgurations as a function of Dhwithin and Dhbetween. (A) Tangential curvature discontinuity DjT. (B)
Normal curvature discontinuity DjT. (C) Superimposing both tangential and normal curvature discontinuities on the same graph shows how the
diﬀerence is minimized for small and large Dhbetween, while being maximized for Dhbetween ¼ 45. (D) A graph of jDjT  DjNj shows clearly that the
diﬀerence between the two curvature discontinuities is maximized for Dhbetween ¼ 45 (for any given Dhwithin) and that it grows linearly with Dhwithin.
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Stimuli used in Experiment 2 were constructed sim-
ilarly to Experiment 1, although Dhbetween was ﬁxed at
45 (as a result of the discussion above) and Dhwithin
was limited to no more than 20 (beyond which per-
formance dropped to chance level in Experiment 1).
For each Dhwithin 2 f5; 10; 15; 20g we computed
three pairs of stimuli (left- and right-pointing triangles
in each pair), to cover three basic conﬁgurations: (1)
parallel conﬁguration at the ﬁgure side of the edge, (2)
parallel conﬁguration at the ground side of the edge,
and (3) a curvature-based edge of DjT ¼ DjN. Fig. 17
illustrates the six stimuli that correspond to
Dhwithin ¼ 5.5.2. Subjects and procedure
Five subjects from those who participated in Ex-
periment 1, took part in this experiment, and all (but
one author) were naive to its purpose. All subjects
had normal or corrected-to-normal vision and each
ran one session of 360 trials, arranged in 10 blocks of
36 trials separated by short breaks. Each session las-
ted for less than 20 min and was preceded by one or
two practice blocks of 72 trials. All other parameters
in Experiment 2 were similar to those of Experiment 1
although now each stimulus was presented 30 times,
15 for each of the two possible ﬁgures. The presen-
tation order was randomized and set before the ex-
periment.
Fig. 17. Example of the stimuli used in Experiment 2, shown here for Dhwithin ¼ 5. Similar sets were constructed for Dhwithin 2 f10; 15; 20g. In all
cases Dhbetween was set to 45.
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To check for diﬀerences in performance between the
detection of parallel conﬁgurations and those with
DjT ¼ DjN we averaged the accuracy of detecting the
two parallel conﬁgurations (cases 1 and 2 above) and
subtracted from it the accuracy of detecting the
DjT ¼ DjN conﬁguration (case 3 above). Fig. 18 pre-
sents the average diﬀerence in performance as a function
of Dhwithin. It shows clearly that while parallel conﬁgu-
rations are more salient for small Dhwithin, they are less
salient for larger Dhwithin, where they are outperformed
by the DjT ¼ DjN conﬁguration.
This change in relative saliency is subtle and occurs
gradually, but it was always statistically signiﬁcant as
soon as Dhwithin increased by more than 5 (p < 0:01 for
Dhwithin increase of 10 and p < 0:005 for Dhwithin increase
of 15). The diﬀerence in the means for Dhwithin ¼ 10m
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Fig. 18. Average diﬀerence in detection accuracy between parallel
conﬁgurations and DjT ¼ DjN ones, plotted against Dhwithin.and Dhwithin ¼ 15 was already statistically signiﬁcant
(p < 0:05) even though the increase in Dhwithin was
only 5.
5.4. Discussion
The results of Experiment 2 clearly show that the
conﬁguration hypothesis is not generally true even for
those parallel conﬁgurations which it strictly designates
as optimal. It further shows clear dependency on
Dhwithin, in full agreement with Experiment 1 and the
conclusions made Section 4. These results reinforce
Experiment 1 to suggest that OBTS is indeed sensitive to
curvature discontinuities when these discontinuities be-
come signiﬁcant enough (as is possible in ODTs of large
Dhwithin). At this point, any advantage due to the parallel
conﬁguration is overwhelmed by the eﬀect of the cur-
vature discontinuities. Note that these ﬁndings are also
consistent with Fig. 16 which predicts that curvature
discontinuities are likely to inﬂuence OBTS the most
when Dhwithin is large.6. General discussion
It was shown in the past that OBTS is inﬂuenced by
the two orientation gradients Dhwithin and Dhbetween
(Mussap & Levi, 1999; Nothdurft, 1991). It was further
argued that OBTS is independently modulated by par-
ticular conﬁgural organizations in the neighborhood of
the texture boundary (Nothdurft, 1992; Wolfson &
Landy, 1995). In this paper we have shown that, in
addition to the above processes, OBTS is also sensitive
to discontinuities (or contrast) in two texture curvatures
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both discontinuities are maximized simultaneously, i.e.,
when DjT ¼ DjN. In Section 2 we showed how the no-
tion of curvature emerges naturally from a geometrical
model of ODTs and how it is fundamentally linked to
the interaction between positions and orientations.
From a mathematical perspective, then, it would have
been extremely surprising had an eﬀect of curvature
not been found.
It should be mentioned that the notion of ‘‘curvature
discontinuities’’ should be understood more generally as
‘‘curvature contrasts’’, high ‘‘curvature gradients’’, or
simply ‘‘rapid changes in curvatures’’. The perceptual
equivalence of continuous (but large) gradients to pure
discontinuities has been demonstrated already for ori-
entation (e.g., Landy & Bergen, 1991) and it is more
strongly applicable to higher order properties like cur-
vature. Moreover, this equivalence is especially true for
the discretized stimuli that we (and virtually all other
studies in the OBTS literature) employ, since some
blurring in the measurement process is necessarily
implied.
The introduction of ODT curvatures into the psy-
chophysical investigation of OBTS carries the advantage
of emphasizing the spatially varying nature of ODTs
and the observation that constant (or piecewise con-
stant) ODTs are in fact accidental in natural, every-day
stimuli. With curvatures, such variations in ODTs can
be integrated into stimuli in a fully controlled way, thus
allowing a direct link to human perception and perfor-
mance.
As we discussed in the Introduction (Section 1.1),
most classical studies of ODTs ignored the spatially
varying nature of ODTs, focusing instead on piecewise
constant structures only. Studying conﬁgural eﬀects
within this limited scope, Wolfson and Landy (1995)
concluded that OBTS is improved if the orientation of
texels is parallel (and to some extent perpendicular) to
the texture edge. Indeed, piecewise constant ODTs have
jT ¼ jN ¼ 0, their boundaries emerge solely from ori-
entation discontinuities, and thus saliency consider-
ations involving only boundary conﬁguration can be
attractive. As we demonstrated, such arguments also are
closely related to the fold and cut organization induced
by the interactions of surfaces during the imaging
process.
However, in the natural world, most ODTs are spa-
tially varying, which suggests that conﬁgural factors
should be examined within a larger scope, as we further
did in the current study. Indeed, we conclude that there
are signiﬁcant gaps between the classical conﬁguration
hypothesis (Nothdurft, 1992; Wolfson & Landy, 1995)
and actual performance in OBTS. We have shown that
conﬁgural eﬀects are neither independent of spatial
variations (captured, e.g., by Dhwithin), nor are they
universal: while parallel conﬁgurations appear superiorin ODTs of small internal variation of Dhwithin6 10,
larger Dhwithin results in signiﬁcant texture curvatures, at
which point the advantage due to parallel conﬁgurations
is superseded by the one due to the curvature disconti-
nuities. Interestingly, the results by Nothdurft (1992)
may already contain a ﬂavor of this phenomenon since
the peak performance he measured deviates up to 30
from the strictly parallel conﬁguration (see his Fig. 3A–
C). Unfortunately, due to a similar deviation in the
orientation of the texels themselves relative to the ori-
entation edge, it is impossible to asses whether these
ﬁndings are indicative of something other than the
conﬁguration.
The advantage of the curvature-based explanation
over the one based on conﬁgural modulations is fun-
damental. The former is based on intrinsic data only and
thus can be developed into a predictive computational
mode. The latter, on the other hand, is undermined by a
chicken-and-egg problem; it needs the outcome of the
segmentation process (namely, the perceptual edge and
its orientation) in order to make predictions about its
own occurrence. In this spirit it is instrumental to re-
examine Fig. 5 which we discussed in Sections 1.2 and
3.5. Fig. 19 presents the same stimulus, now with its
orientation and curvature functions also depicted as
height functions (see Fig. 6B). Clearly, while the orien-
tation gradient across the square’s perimeter is constant,
the discontinuities in curvatures are not; they are si-
multaneously large only along the top edge. According
to the results of Experiment 1, this edge should be the
most salient, a prediction that agrees well with the per-
ceptual evidence. Notably, this prediction does not re-
quire the orientation of the texture boundary as an
input; it is made using intrinsic and local information
only.
Since a main conclusion in this paper is the fact that
orientation gradients are insuﬃcient to explain OBTS, it
remains to examine our results, both computational and
psychophysical, in a larger context. For example, given
the central role of feature gradients in early vision (Ju-
lesz, 1986; Nothdurft, 1993), our results justify the re-
examination of feature gradients in preattentive vision
more generally. Furthermore, since many other per-
ceptual features (e.g., shading, motion, color) can be
represented in terms of orientation, their intrinsic geo-
metry, and segmentation, should be investigated analo-
gously.
Lastly, combining our results with the observation
that the complement of segmentation is visual integra-
tion suggests that limiting the discussion on visual inte-
gration to curves only (e.g., Field, Hayes, & Hess, 1993)
may miss an important functional aspect of biological
vision systems. Current ‘‘association ﬁeld’’ models,
popular in psychophysics (Field et al., 1993; Hess &
Field, 1999; Kapadia, Ito, Gilbert, & Westheimer, 1995;
Kapadia, Westheimer, & Gilbert, 2000), physiology
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Fig. 19. Curvature discontinuities predict the saliency of orientation edges in the stimulus from this ﬁgure. Although the orientation gradient along
the square’s perimeter is constant (as seen best in the 3D plot), the jump in the curvatures is not. In particular, while DjT is virtually zero at the
bottom edge, it is large, and roughly equal to DjN, at the top edge. Thus intrinsic considerations alone can predict not only the location of edges, but
their relative saliency as well.
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1995, 2000; Schmidt, Goebel, L€owel, & Singer, 1997)
and computational modeling (Parent & Zucker, 1989;
Yen & Finkel, 1998), typically ignore curvature, and
never consider normal curvature. Thus, the formal
analysis and psychophysics outlined in this paper may
provide the ﬁrst step toward explaining the many ﬁnd-
ings which are inconsistent with curve integration, both
psychophysically and physiologically (e.g., Adini, Sagi,
& Tsodyks, 1997; Kisvarday, Toth, Rausch, & Eysel,
1997; Matsubara, Cynader, Swindale, & Stryker, 1985;
Polat & Sagi, 1993; Sincich & Blasdel, 2001; Ts’o, Gil-
bert, & Wiesel, 1986). They further provide the baseline
from which other phenomena such as ‘‘edge hallucina-
tion’’ (Nothdurft, 1992) can be studied.Acknowledgements
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h orientation function of the ODT
hground orientation function of the ODT’s ground re-
gion
hfigure orientation function of the ODT’s ﬁgure region
hdown ODT’s orientation at the bottom side of the
perceptual edge
Dhbetween scalar orientation gradient (or contrast) across
a perceptual orientation edge
Dhwithin scalar orientation gradient (or contrast) within
a perceptually coherent ODT region
rh vectorial orientation gradient (or contrast)
within a perceptually coherent ODT region
krhk magnitude ofrh and an alternative way to refer
to Dhwithin
~q spatial (or retinotopic) positionbET tangential basis vector of the ODT at any given
spatial positionbEN normal basis vector of the ODT at any given
spatial position
~V direction vector in the stimulus plane
r~VE covariant derivative of vector ﬁeld E in the di-
rection V
jT tangential curvature function of an ODT
jN normal curvature function of an ODT
276 O. Ben-Shahar, S.W. Zucker / Vision Research 44 (2004) 257–277DjT discontinuity in tangential curvature across a
perceptual orientation edge
DjN discontinuity in normal curvature across a
perceptual orientation edge
Djmax the maximal possible discontinuity in either
curvatures
D vertical spatial position of the orientation edge
in our stimuli
he orientation of the perceptual edge
ht orientation of ODT texels near the perceptual
edge
Sð; Þ model function for the conﬁgural saliency of
orientation edges based on the conﬁguration
hypothesis.References
Adini, Y., Sagi, D., & Tsodyks, M. (1997). Excitatory–inhibitory
network in the visual cortex: psychophysical evidence. In Proceed-
ings of the National Academy of Sciences of the USA (pp. 10426–
10431). Vol. 94.
Ben-Shahar, O., & Zucker, S. (2003). The perceptual organization of
texture ﬂows: a contextual inference approach. IEEE Transactions
on Pattern Analysis and Machine Intelligence, 25(4), 401–417.
Bosking, W., Zhang, Y. B. S., & Fitzpatrick, D. (1997). Orientation
selectivity and the arrangement of horizontal connections in the
tree shrew striate cortex. The Journal of Neuroscience, 17(6), 2112–
2127.
Caputo, G. (1997). Object grouping contingent upon background.
Vision Research, 37(10), 1313–1324.
Caputo, G., & Casco, C. (1999). A visual evoked potential correlate of
global ﬁgure-ground segmentation. Vision Research, 39, 1597–
1610.
Corbit, J., & Garbary, D. (1995). Fractal dimension as a quantitative
measure of complexity in plant development. In Proceedings of the
Royal Society of London, Series B (pp. 1–6). Vol. 262.
do Carmo, M. (1976). Diﬀerential geometry of curves and surfaces.
Prentice-Hall Inc.
Field, D., Hayes, A., & Hess, R. (1993). Contour integration in the
human visual system: evidence for a local association’ ﬁeld. Vision
Research, 33, 173–193.
Hess, R., & Field, D. (1999). Integration of contours: new insights.
Trends in Cognitive Sciences, 3, 480–486.
Hubel, D., & Wiesel, T. (1977). Functional architecture of macaque
monkey visual cortex. In Proceedings of the Royal Society of
London, Series B (pp. 1–59). Vol. 198.
Huggins, P., & Zucker, S. (2001). Folds and cuts: how shading ﬂows
into edges. In Proceedings of the IEEE international conference on
computer vision.
Julesz, B. (1981). Textons, the elements of texture perception, and their
interactions. Nature, 290(12), 91–97.
Julesz, B. (1986). Texton gradients: the texton theory revisited.
Biological Cybernetics, 54, 245–251.
Kanizsa, G. (1979). Organization in vision: essays on Gestalt perception.
Praeger Publishers.
Kapadia, M., Ito, M., Gilbert, C., & Westheimer, G. (1995).
Improvement in visual sensitivity by changes in local context:
parallel studies in human observers and in V1 of alert monkeys.
Neuron, 15, 843–856.
Kapadia, M., Westheimer, G., & Gilbert, C. (2000). Spatial distribu-
tion of contextual interactions in primary visual cortex and in
visual perception. Journal of Neurophysiology, 84, 2048–2062.Kisvarday, Z., Toth, E., Rausch, M., & Eysel, U. (1997). Orientation-
speciﬁc relationship between populations of excitatory and inhib-
itory lateral connections in the visual cortex of the cat. Cerebral
Cortex, 7, 605–618.
Koenderink, J. (1990). Solid shape. Cambridge, MA: MIT Press.
Kruth, W. (Ed.). (1963). The complete woodcuts of Albrecht D€urer.
Dover Publications.
Kwan, L., & Regan, D. (1998). Orientation-tuned spatial ﬁlters for
texture-deﬁned form. Vision Research, 38, 3849–3855.
Landy, M., & Bergen, J. (1991). Texture segregation and orientation
gradient. Vision Research, 31(4), 679–691.
Li, Z. (1998). A neural model of contour integration in the primary
visual cortex. Neural Computation, 10, 903–940.
Malik, J., & Perona, P. (1990). Preattentive texture discrimination with
early vision mechanisms. Journal of the Optical Society of America,
7(5), 923–932.
Marr, D. (1982). Vision. WH Freeman and Company.
Matsubara, J., Cynader, M., Swindale, N., & Stryker, M. (1985).
Intrinsic projections within visual cortex: evidence for orientation
speciﬁc local connections. In Proceedings of the National Academy
of Sciences of the USA (pp. 935–939). Vol. 82.
Motoyoshi, I., & Nishida, S. (2001). Visual response saturation to
orientation contrast in the perception of texture boundary. Journal
of the Optical Society of America, 18(9), 2209–2219.
Murray, J. (1989). Mathematical biology. Springer-Verlag.
Mussap, A., & Levi, D. (1999). Orientation-based texture segmenta-
tion in strabismic amblyopia. Vision Research, 39, 411–418.
Nothdurft, H. (1985a). Orientation sensitivity and texture segmenta-
tion in patterns with diﬀerent line orientation. Vision Research,
25(4), 551–560.
Nothdurft, H. (1985b). Sensitivity for structure gradient in texture
discrimination tasks. Vision Research, 25(12), 1957–1968.
Nothdurft, H. (1991). Texture segmentation and pop-out from
orientation contrast. Vision Research, 31(6), 1073–1078.
Nothdurft, H. (1992). Feature analysis and the role of similarity in
preattentive vision. Perception & Psychophysics, 52(4), 255–275.
Nothdurft, H. (1993). The role of features in preattentive vision:
comparison of orientation, motion, and color cues. Vision Re-
search, 33(14), 1937–1958.
Olson, R., & Attneave, F. (1970). What variables produce similarity
grouping? American Journal of Psychology, 83, 1–21.
O’Neill, B. (1966). Elementary diﬀerential geometry. Academic Press.
Parent, P., & Zucker, S. (1989). Trace inference, curvature consistency,
and curve detection. IEEE Transactions on Pattern Analysis and
Machine Intelligence, 11(8), 823–839.
Polat, U., & Sagi, D. (1993). Lateral interactions between spatial
channels: suppression and facilitation revealed by lateral masking
experiments. Vision Research, 33(7), 993–999.
Regan, D., Hajdur, L., & Hong, X. (1996). Two-dimensional aspect
ratio discrimination for shape deﬁned by orientation texture. Vision
Research, 36(22), 3695–3702.
Schmidt, K., Goebel, R., L€owel, S., & Singer, W. (1997). The
perceptual grouping criterion of colinearity is reﬂected by aniso-
tropies in the primary visual cortex. The European Journal of
Neuroscience, 9, 1083–1089.
Sincich, L., & Blasdel, G. (2001). Oriented axon projections in primary
visual cortex of the monkey. The Journal of Neuroscience, 21(12),
4416–4426.
Stevens, K. (1981). The visual interpretation of surface contours.
Artiﬁcial Intelligence, 17, 47–73.
Todd, J., & Reichel, F. (1990). Visual perception of smoothly curved
surfaces from double-projected contour patterns. Journal of
Experimental Psychology: Human Perception and Performance,
16(3), 665–674.
Ts’o, D., Gilbert, C., & Wiesel, T. (1986). Relationships between
horizontal interactions and functional architecture in cat striate
O. Ben-Shahar, S.W. Zucker / Vision Research 44 (2004) 257–277 277cortex as revealed by cross-correlation analysis. The Journal of
Neuroscience, 6(4), 1160–1170.
Turing, A. (1952). The chemical basis of morphogenesis. Philosophical
Transactions of the Royal Society B (London), 237, 37–72.
Wolfson, S., & Landy, M. (1995). Discrimination of orientation-
deﬁned texture edges. Vision Research, 35(20), 2863–2877.Wolfson, S., & Landy, M. (1998). Examining edge- and region-
based texture analysis mechanisms. Vision Research, 38(3), 439–
446.
Yen, S., & Finkel, L. (1998). Extraction of perceptually salient
contours by striate cortical networks. Vision Research, 38(5), 719–
741.
